We study electronic configurations in a single pair of vertically coupled self-assembled InAs quantum dots, holding just a few electrons. By comparing the experimental data of non-linear single-electron transport spectra in a magnetic field with many-body calculations, we identify the spin and orbital configurations to confirm the formation of molecular states by filling both the quantum mechanically coupled symmetric and anti-symmetric states. Filling of the anti-symmetric states is less favored with increasing magnetic field, and this leads to various magnetic field induced transitions in the molecular states.
Among the various kinds of quantum dot systems, self-assembled quantum dots (SADs) have several advantages such as confinement of electrons and/or holes by heterojunction barriers (depending on bandedge lineups of two semiconductors), no damage by processing, and large level spacing and large interaction energy because of their reduced size. These novel features have stimulated interest for applications to optical and electrical devices as well as fundamental studies on confined interacting electrons and/or holes. Optical spectroscopy techniques have often been employed to characterize the electronic properties of InAs SADs but suffer from inhomogeneous broadening due to the measurement of large SAD ensembles. Certain techniques have also allowed individual SADs to be probed such as optical spectroscopy of restricted regions including just a single SAD [1] , scanning tunneling microscopy [2] , and transport measurements of single-electron tunneling devices [3] . Atom-like s-, p-, d-orbital states have already been well characterized for single InAs quantum dots (QDs). In particular for specific single-electron tunneling devices, the number N of surplus electrons in the dots can be varied one-by-one, starting from zero. This allows for characterizing the electronic configurations in a controlled manner [4] .
Knowledge of atom-like states in single SADs naturally leads to interest in molecular states of coupled QDs, or artificial molecules, because molecular states can be formed by coupling the atom-like states in two dots. The molecular states can be formed by filling both tunnel-coupled symmetric and anti-symmetric states, and the resulting electronic configuration is also characterized by dipolar charge coupling and exchange spin coupling between electrons in the two dots. The couplings are realized in a manner similar to that of real diatomic molecules but with much more freedom than in the "natural" case. Actually, artificial molecule states can be controlled by appropriately designing parameters of the dot system or as a function of gate voltage and magnetic field. In the scheme of self-assembled growth, two dots can align themselves in the vertical direction with abrupt heterojunction barriers [5] . Note that, lithographically defined QDs, the orbital states are weakly electrostatically confined, therefore the coupling between two dots can be significantly modified when tuning either the number of electrons or the inter-dot coupling strength.
Recently, molecular states were studied for a single InAs SAD molecule by optical spectroscopy [6] .
The measured spectra arise from electron-hole pairs, and are useful for deriving the single-particle energy spacing between the molecular orbital states. However, there have been no experiments performed to determine the filling of quantum mechanically coupled symmetric (S) and anti-symmetric (AS) electronic states. In this Letter, we use single-electron tunneling spectroscopy to study the electronic configurations in a single InAs QD molecule, holding just a few electrons.
We probe just a single QD molecule among an ensemble of QD molecules, embedded in a sub-micron size mesa, by depleting all but one of the QD molecules with a side gate voltage [4] .
The number N of electrons in the last single QD molecule in the conducting channel is precisely tuned one-by-one, starting from N=0. We measure the energy spectra of the ground and excited states as a function of magnetic field (B field) for strongly and weakly coupled QD molecules. We find that the measured spectra compare well with many-body numerical calculations based on standard Fock-Darwin (F-D) states. Note that, in previous experiments [7] , the energy spectra of single InAs dots were well reproduced by a F-D state-based calculation. We can also distinguish the filling of the molecular ground states (GSs). We can also realize novel transitions in the molecular GSs, induced by B field.
For the present study we used two materials, A and B, both of which include vertically coupled InAs QDs, grown by molecular beam epitaxy. Material A (B) has a distance between the two InAs wetting layers of 6.5 nm (11.5 nm). The tunnel coupling between the dots is much stronger for material A than for material B. The height and diameter of the dots in both materials are 2-3 nm and 20-30 nm, respectively. The average density of the dots is of the order of 10 9 cm -2 . We fabricated sub-micron size single-electron transistors, i.e. devices A (B), using material A (B). These devices consist of a circular mesa whose geometrical diameter is 0.35 µm, surrounded by a Schottky gate metal [8] . Just a few QD molecules exist in the mesa. We measure a current, I, flowing vertically through the mesa as a function of gate voltage, V G , and source-drain voltage, V SD .
The devices are placed in a dilution refrigerator with a bath temperature below 100 mK.
Although a few QD molecules exist in the mesa, we are usually able to observe only a single QD molecule near pinch-off point. It is because the number of the QD molecules in the conducting channel reduces due to that the depletion region squeezes the conducting channel in the mesa when the gate voltage is made more negative. Then, we are able to obtain clean results on the last single QD molecule in the conducting channel in the mesa. We initially measure the non-linear transport spectra, i.e. dI/dV SD in the V SD and V G plane, for both devices, and observe a single series of well-formed Coulomb diamonds along the V SD = 0 V axis [8] . This observation ensures that the measured current reflects the single-electron tunneling through just one single QD molecule despite the fact that other QD molecules exist in the mesa. The charging energy of the N=1 Coulomb diamond is 8 meV (6 meV) for device A (B) (not shown here). These values are smaller than those of single InAs QDs in previous reports [7] , because the electronic states in our QD molecules are spread over both dots, and also because the last single QD molecule in the conducting channel is the largest among those inside the mesa. We now compare the B dependencies of the current peaks observed for both devices with those predicted by numerical exact diagonalization based on a single-particle F-D basis set, in order to identify the electronic configurations. In this calculation, we assume that the QD molecule can be treated as two vertically coupled harmonic QDs. The effect of strain is neglected, and only the lowest-energy S and AS states are considered. Details of the calculation are described in Refs. [12] and [13] . current peaks correspond to the single-particle level crossings between and , i.e. between GS configurations (1sS) 2p -, 3d + , 4f + stand for n = 0 and l = 0, +1, -1, +2, +3, respectively, X= S (AS) refers to the S (AS)
states, and i=1 (2) means single (double) occupancy. This single-particle level crossing corresponds to the beginning of filling factor 2 = ν .
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The irregular behavior of the N=7-8 peaks in Fig. 2(b) is well explained by the calculation of Fig. 2(a) . The weak B dependence of the N=7 (N=8) GS up to B ≅ 1 T (B 0.5T indicated by the filled triangle) in Fig. 2(b ). The open triangles show a one-to-one correspondence of the kinks between Figs. 2(a) and (b) . The cusps, indicated by blue triangles in Fig. 2(b) , occur at lower values of B than those in Fig. 2(a) . This implies that the single-particle level spacing between the 3d and 4f orbital states is smaller than that between the 1s and 2p or the V SD = 4 mV. We distinguish some GSs and ESs, and their transitions with B field. In the calculated spectrum for N=6 we predict transitions indicated by yellow triangles at B 0 T and 6.5 T (Fig.   3(a) ), but experimentally we can distinguish only the high-B transition (Fig. 3(c) ). E ∆ is almost proportional to B field, reflecting the effect of Zeeman splitting. We use these data to estimate the electron g-factor ~ 0.97 [17] . This value is in good agreement with that obtained by optical spectroscopy [18] . ∆ is slightly larger than that predicted in the calculation of Ref. [20] .
In the InAs coupled dot system, it is well-known that the size of the upper and lower dots is usually different due to self-assembly process [5] . This effect can give rise to energy offset between the dots [21] . In case that the energy offset is larger than the S-AS splitting, electron filling would be strongly modified due to electron localization in one dot. However, we have not observed any evidence for this.
In conclusion, we have studied the molecular states in single InAs SAD molecules, using single-electron tunneling spectroscopy. We identify the orbital and spin configurations of SAD molecules holding just a few electrons, and confirm different electron filling patterns of the AS states of the QD molecule with weak inter-dot coupling strength. We also observe magnetic field induced transitions between molecular states in the relatively weak magnetic field range. 
